Penetrance of pathogenic mutations in haploinsufficient genes for intellectual disability and related disorders a b s t r a c t
individuals with severe genetic childhood disorders. Of note, 4 of these 56 apparently benign LOF mutations have been described as disease-causing in patients with BOS (Hoischen et al., 2011; Russell et al., 2015; Magini et al., 2012 ) (see Fig. 1 ).
These findings and the similar spatial distribution of LOF mutations in affected and healthy individuals argue against the possibility that disease-causing and clinically neutral LOF variants in the ASXL1 gene are functionally distinct. Therefore, it is likely that affected and unaffected carriers of protein-truncating ASXL1 mutations differ in other, hitherto unknown ways. Our observations suggest that almost one in 1000 individuals of the ExAC cohort carries a truncating LOF mutation in ASXL1. Since BOS is a severe and clinically recognizable disorder, most heterozygous carriers of inactivating ASXL1 variants must be clinically inconspicuous.
ASXL1 LOF variants have been observed in 17 out of the 23 BOS cases studied to date, and the origin of the mutation could be investigated in 11 of these (see Table 1 ).
Together with the frequency of ASXL1 LOF-mutations in ExAC controls (i.e., 56/60,706) , and assuming that the prevalence of BOS is 1/1,000,000 (OrphaNet, ORPHA97297, http://www.orpha. net/consor/cgi-bin/OC_Exp.php?lng¼DE&Expert¼97297), this leads to an estimated penetrance of 0.08%, using Bayes' theorem (Vassos et al., 2010 Both parents could be investigated in 11 of these patients. All of these carried de novo ASXL1 LOF-mutations; so far, no single BOS patient with an inherited ASXL1 mutation has been described. This suggests that the lower 99 percent confidence limit for the proportion of BOS patients carrying a de novo mutation is 62%; conversely, at most 38% of these patients may carry an inherited mutation. These observations are difficult to reconcile with the very low penetrance of ASXL1 LOF mutations inferred from the ExAC data, even under the assumption of simple digenic inheritance or epistasis.
As to the incomplete penetrance of LOF mutations, ASXL1 may be an extreme case, but it is apparently not unique, as suggested by the evidence, presented above, that ASXL3 LOF mutations do not always cause disease. LOF variants in other haploinsufficient genes causing ID or autism spectrum disorder are sometimes transmitted by healthy parents (e.g., see (Jiang et al., 2013; Yuen et al., 2014) ), and incomplete penetrance is also a hallmark of many pathogenic copy number variants (CNVs). Since the clinical consequences of many CNVs can be ascribed to aberrant dosage of single genes (e.g., see (Slager et al., 2003; Zollino et al., 2012) ), it is plausible to assume that other 'disease-causing' gene defects are not fully penetrant either. So far, reliable penetrance estimates exist only for a minority of the known pathogenic CNVs (Cooper et al., 2011; Rosenfeld et al., 2013; Tropeano et al., 2013) . Even less is known about the penetrance of de novo LOF mutations in genes that have been identified as major cause of ID and developmental delay.
Because of its unprecedented depth, the ExAC database is a unique source of information about the penetrance of X-linked recessive and autosomal dominant LOF mutations in haploinsufficient disease genes. In accordance with the Fort Lauderdale agreement, which encourages 'the use and publication of frequency data for specific targeted sets of variants', but does not allow publication of 'global (genome-wide) analyses of these data or of large gene sets' (see http://exac.broadinstitute.org), we have limited our analysis to only a few other established genes for ID/ASD and related disorders.
Significantly elevated numbers of apparently benign truncating variants were also found for CDH15 (n ¼ 31), KATNAL2 (n ¼ 23), DEPDC5 (n ¼ 21), ARID1B (n ¼ 16) and AUTS2 (n ¼ 11), suggesting that for these genes, the penetrance of LOF mutations is also low or at least incomplete. Apart from DEPDC5 which is associated with autosomal dominant focal epilepsy (e.g., see (Ishida et al., 2013; Dibbens et al., 2013) and OMIM *614191), these genes have been firmly implicated in dominant forms of ID or autism spectrum disorder (ASD), mostly by trio sequencing ( (Bhalla et al., 2008; Wright et al., 2015; Sanders et al., 2012; O'Roak et al., 2011; de Rubeis et al., 2014; Beunders et al., 2013; Hoyer et al., 2012) and references therein; see also OMIM *614556 and *607270). (Hoischen et al., 2011; Russell et al., 2015; Magini et al., 2012) ). Blue arrows: 56 heterozygous frame shift, stop gained or splice site mutations in apparently healthy individuals (from ExAC database, http://exac.broadinstitute.org/). At 4 positions (Arg404X, Gln733X, Leu823X and Arg965X, see asterisks), red and blue arrows overlap. A potential problem of the ExAC database is the fact that its 60,706 'healthy controls' are derived from various different cohorts, and although its authors state to 'have removed individuals affected by severe pediatric diseases', there is no guarantee that all affected individuals have been excluded in this way. Therefore it is reassuring that for all of these genes, bona fide LOF variants (supported by >10 sequencing reads) were also found among the 6503 thoroughly phenotyped controls from the NHLBI GO Exome Sequencing Project which focuses on heart, lung and blood disorders (see Exome Variant Server, EVS; http://evs.gs.washington.edu/EVS/database). Indeed, with 9, 6, 6, 2, 2 and 1 high-quality LOF variants listed for ASXL1, KATNAL2, CDH15, DEPDC, ARID1B and AUTS2, respectively, the frequency of inactivating mutations in these genes tends to be even higher in the EVS than in the ExAC database.
For CDH15 and DEPDC5, incomplete penetrance of LOF mutations has been documented before (e.g., see (Dibbens et al., 2013; Bhalla et al., 2008) and OMIM *114019), which is in keeping with our observations and lends further credibility to the ExAC data. In contrast, evidence for incomplete penetrance of inactivating mutations is scarce or lacking for ASXL1, KATNAL2, ARID1B and AUTS2. Exonic disruptions of AUTS2 give rise to a highly penetrant ID phenotype and are rarely inherited, but occasionally, nonmanifesting carrier parents have been observed ( (Beunders et al., 2013) , see also OMIM *607270). Similarly, there is recent evidence that some of the 'causative' KATNAL2 mutations reported are also inherited (Yuen et al., 2014; De Rubeis et al., 2014) .
De novo ARID1B mutations are among the most common causes of autosomal dominant ID (e.g., see (Hoyer et al., 2012) and OMIM *614556), and the fact that incomplete penetrance has been never described before is difficult to reconcile with the presence of 16 different ARID1B LOF variants in the ExAC cohort, even though these findings are supported by 2 bona fide LOF variants in the much smaller EVS cohort. Very recently, however, an individual with an ARID1B LOF variant but without any sign of the characteristic Coffin-Siris phenotype has been reported , indicating that the penetrance of inactivating ARID1B mutations is not complete either. Assuming that the prevalence of severe ID in our population is 0.5% and that in 0.9% of the affected individuals, ID is due to heterozygous inactivating ARID1B mutations (Hoyer et al., 2012) , their prevalence may be around 4.5 Â 10 À5 or 1/22.222. Given the 16 LOF variants in the ARID1B gene identified in 60.706 ExAC controls, this suggests that their penetrance may be close to 15%. Although intuitively, this estimate may seem much too low, it may be premature to dismiss these results as artifacts reflecting shortcomings of the ExAC dataset, because this database is the first one that is sufficiently large to allow observations of this kind. Moreover, these results are in keeping with the frequency of LOF variants in the (much smaller) EVS dataset. Until very recently, mutation screening has been almost entirely focused on patients, and the number of healthy controls may have been simply too low to identify more than a small minority of the unaffected individuals carrying 'disease-causing' variants.
No or very few LOF mutations were detected in the ExAC database for numerous other established haploinsufficient ID/ASD genes such as CHD8, and these may indeed reflect 'background noise'. When selecting healthy controls, a few affected individuals may have 'slipped through'; some of the apparent LOF variants may be edited or processed upon transcription or translation, and they could be due to rare sample swaps or sequencing errors. A more comprehensive analysis will have to await the publication of the announced 'ExAC flagship paper' (see http://exac. broadinstitute.org).
Manifesting carriers of pathogenic CNVs often harbor other potentially pathogenic CNVs which may act as a necessary 'second hit' (Girirajan et al., 2010 (Girirajan et al., , 2012 . Our observations, suggesting that in ASXL1 and several other genes for ID or related disorders, LOF mutations are not fully penetrant, may have identified new entry points for research into the vulnerability or resilience to genetic disease. Identification of the underlying genetic, epigenetic or environmental factors promises to shed more light on the pathogenesis of many disorders and may lead to improved disease management and therapy (Friend and Schadt, 2014) . Moreover, the systematic ascertainment of apparently benign LOF mutations in haploinsufficient disease genes and their validation by detailed clinical reexamination may have far-reaching implications for genetic diagnosis and counseling.
Note added in proof
After this manuscript had been accepted, we have used LOFTEE, a Loss-Of-Function Transcript Effect Estimator pipeline (https:// github.com/konradjk/loftee) to estimate the functional relevance of all LOF variants listed in the ExAC browser for the 6 aforementioned ID genes. To this end, we screened the current version of the ExAC database (ExAC release r03, file ExAC.r0. 3.sites.vep.vcf, Jan. 13th, 2015) to rule out 'low-confidence' LOF variants located in non-canonical transcripts, variants representing the ancestral allele across primates, as well as stop-gained and frameshift variants in the terminal 5% of the transcript. LOFTEE filtering removed only two ASXL1 and one of the CDH15 LOF variants, i.e. after filtering, 54 and 30 high-confidence LOF mutations in these genes were retained, including 4 pathogenic ASXL1 mutations that had been described in BOS patients before. For KATNAL2, 16 out of 23 LOF variants survived the filtering, but only 9 out of 21 LOF variants listed for DEPDC5, and 7 out of 11 AUTS2 variants. No more than 8 out of 16 ARID1B LOF variants identified in the 60,706 ExAC controls turned out to be high-confidence LOF mutations. This means that their penetrance may be close to 25% rather than 15%, as estimated above.
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